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Abstract 
、 In this research, two new methods have been used to prepare the granular Co-
Ag thin films. One method is the metal vapor vacuum arc (MEVVA) ion source 
implantation method. The other one is a pulsed filtered cathodic arc co-deposition 
method. The magnetic field dependence and the temperature variation of the giant 
magnetoresistance (GMR) effect and their relation with the processing conditions 
were studied and discussed in conjunction with results of Rutherford backscattering 
spectrometry, atomic force microscopy, magnetic force microscopy (MFM), and 
SQUID measurements. 
In the MEVVA implantation, Co-Ag granular thin films were prepared by Co 
implantation into deposited Ag film. It was found that a correct combination of the 
implant dose, the extraction voltage, the thickness of the deposited Ag film and the 
annealing temperature is essential to maximize the GMR effect. For the best sample 
obtained, the magnitude of the GMR effect measured at a magnetic field strength of 
7.6 kOe increases from about 1% at room temperature to over 7% at 20K. Besides, 
anomalous temperature dependence of the coercive field Hc in the perpendicular-to-
film direction determined from GMR measurements was observed for some samples. 
For one sample, Hc shows a maximum value at around 240K and decreases with 
decreasing temperature from 240K to 20K. Moreover, the domain structures of the 
implanted granular films as revealed by MFM images exhibit very different features 
compared with those of sputter deposited CoAg granular films. 
Granular thin films of CoxAgi_x of various compositions were also prepared 
using a pulsed filtered cathodic arc co-deposition system where two metal cathodic 
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arc plasma sources were used. The cobalt concentration dependence of GMR effect 
was studied. The best value of magnetoresistance obtained is 7.4 % at 20K and 3.4 % 
at room temperature observed in Coo.23Ago.77. Moreover, the dependence of magnetic 
、domain structures on cobalt concentration has been observed. Both the GMR effect 
and the domain structures of these films show similar features as those reported in 
the literature for films prepared using the sputter deposition technique. Our results 
show that the pulsed filtered arc co-deposition method is a promising technique for 
the fabrication of novel magnetic thin film structures. 
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Chapterl Introduction 
1.1 Overview 
Magnetoresistance effect is the change in electrical resistance of a material at 
the presence of an applied magnetic filed. It was first discovered by William 
Thomson in 1857 [1], when he found that the resistance of Ni and Fe wires was 
different for the electric current parallel or perpendicular to the applied magnetic 
field. Since then, numerous related studies have been reported. This effect is called 
the anisotropic magnetoresistance effect (AMR). The effect is vanishingly small for 
most metals, while much stronger in transition ferromagnetic metals. Later, related 
research work was focused on magnetic alloys such as permalloy (an alloy of iron 
and nickel). This effect was used in magnetic recording devices at the beginning of 
the nineties [2]. The magnetoresistance ratio of such alloy is small. Typically a 
change of about 2% in resistance can result when the saturation magnetic fields are 
applied. 
In 1988，a large magnetoresistance effect was first observed by M.N. Baibich 
et al. [3] in expitaxially grown Fe/Cr superlattice, which exhibited a 50% 
magnetoresistance at cryogenic temperatures when exposed to a magnetic field of 
about 20000 Oe. The magnetoresistance is defined as AR/R = (R(H) - Ro)/Ro ’ where 
Ro is the resistance of the fi lm without magnetic field applied, and R(n) is the 
resistance of the fi lm at the presence of an applied magnetic field H. This enormous 
magnetoresistance effect was immediately labeled as the giant magnetoresistance 
(GMR) effect. Usually, the GMR materials have two to 30 times larger 
magnetoresistance ratio when compared to AMR materials. 
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Though the GMR effect has been discovered for less than twelve years, after 
intense research and development throughout these years, it has brought about a big 
impact in recording industry. Materials with the GMR effect have been used in the 
、so-called ‘GMR’ head for reading computer data on hard disk drive products. With 
an advanced version of the GMR read head, IBM has demonstrated the new record 
density of 20 gigabits per square inch [4]. In the next few years, GMR head is 
believed to be the dominant reading technology in high density magnetic data storage 
systems. 
Since GMR materials have huge application potential in a wide variety of 
magnetic field sensors and reading head for information storage systems, the study of 
GMR in various materials structures continues to grow in recent years. 
1.2 Giant Magnetoresistance (GMR) 
As mentioned before, the GMR effect was first observed in epitaxially grown 
Fe/Cr multilayers and subsequently in many other multilayers, such as Co-Ag [5], 
Co-Cu [6-7], etc. However these early studied structures exhibited a 50% 
magnetoresistance, only at low temperatures and at high magnetic fields of about 
20,000 Oe 一 a thousand times larger than the typical field strength involved in 
magnetic disk drives, thus limiting their practical applications in low magnetic field 
sensors. Several years later, a breakthrough was made by S.S.P Parkin et al. [6] who 
prepared Co/Cu multilayers thin films by sputtering method, and obtained a GMR 
effect of 65% at room temperature with a saturation magnetic field intensity of only 
lkOe. This achievement greatly attracted the research interest because of the big 
business value of applications. 
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The multilayers structures consist of antiferromagnetically coupled layers, 
which are separated by thin non-magnetic conducting interlayers. The origin ofGMR 
effect in multilayers can most simply be explained by a semiclassical 
phenomenological theory, which is based on spin dependent scattering mechanism 
[8-9]. The conducting electrons have one of two possible spin states; up or down-
either parallel to or antiparallel to the local direction of magnetization. As shown in 
Fig.1.1, when an electron emerges from one of the ferromagnetic layers, the distance 
it penetrates into the next ferromagnetic layer depends on whether its spin is parallel 
or antiparallel to the magnetization of the second layer. This is because electrons 
spinning parallel to the magnetization direction typically have a longer mean free 
path (lower electrical resistance) than electrons with spins antiparallel to the 
magntization. In a ferromagnetically coupling layer, the electons entering the second 
ferromagnetic layer travel further before scattering, the electrical resistance of their 
spin is low. 
Ferromagnetic Layer 
~ • M , ^ ^ M \ 
g g f c i p « 
- p / — M | y p / — M 
Non-magnetic Layer 
( a ) ( b ) 
Fig. 1.1 The scattering of a spin-polarized, conduction electron at the interface of (a) 
a ferromagnetically and (b) an antiferromagnetically coupled layer. 
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However, when in an antiferromagnetically coupled layer, the magnetization 
layer is reversed, the electrons will not penetrate as far, and the resistance is 
increased. Therefore, in a multilayers structure with antiferromagnetic coupling, no 
electron can traverse two magnetic layers without becoming the unfavorable, highly 
scattered species. 
In the case of the multilayers with ferromagnetic coupling, as shown in Fig. 
1.2, the electrons having the favored “up，，spin orientation can traverse the array 
relatively freely. By combining the transport of all electrons of both spins, there is a 
net change in the resistance. This can explain the GMR effect, since the multlayer 
with intrinsic antiferromagnetic coupling will be ferromagnetically magnetized with 
an applied external magnetic field. This also explains why GMR materials always 
show negative magnetoresistive ratio under the application of a saturation magnetic 
field applied. 
The difference in the scattering probabilities for electrons with different spin 
states comes from two aspects. 
1. The scattering center scatters electrons of one spin polarization more 
effectively than another 
2. The availability of final states is greater for one spin species than another. 
Based on the above mechanisms, it is clear that in order to obtain large GMR 
effects in multilayers, the thickness of the ferromagnetic layers should be the same as 
the longer electron mean free path, which is just tens of Angstroms thick. Practically, 
it is very difficult to fabricate such a thin layer. 
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Non-magnetic Layer 
( a ) ( b ) 
Fig. 1.2 Schematic of conduction in multilayer fi lm array, showing how differential 
spin scattering produces a different resistance for (a) antiparallel and (b) 
parallel fi lm magnetization. 
In 1992, J. Q. Xiao et al. [10] and A.E. Berkowitz et al. [11] found 
independently GMR effect in granular thin films consisting of ultrafine 
ferromagnetic precipitate particles with size ranging from a few to few tens of nm, 
embedded in nonferromagnetic metallic matrix. These results indicated that the 
GMR effect is not unique to multilayer structures and can be observed in 
nanostnictured magnetic granular thin films. This provides additional opportunities 
for technological applications since the GMR effect in granular thin films is expected 
to be isotropic effect, in contrast to that in multilayer structures. By isotropic it 
means that the magnetoresistance is the same when the magnetic field is applied 
parallel or perpendicular to the electric current. Moreover, the granular films are 
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easier to be fabricated than multilayers, therefore, the production availability is much 
higher. 
Experimental results show that the GMR effect in granular thin films depend 
、on the size and volume fraction of the ferromagnetic granules. However, a theory for 
the GMR effect in granular thin films has not been quite as well developed. Spin 
dependent scattering at the interfaces between the granules and the matrix, and that 
within the granules are still believed to be the main mechanism of GMR in granular 
thin films [12-15]. As shown in Fig.1.3, in the absence of an applied magnetic field, 
the magnetic moments of the granules are randomly aligned, and the conduction 
electrons are strongly scattered. Under an external magnetic field, the randomly 
oriented magnetic moments of the granules are gradually aligned, leading to a 
reduction of the electrical resistance. 
Ferromagnetic 
Granules Saturation Magnetic Field H 
& \ ① I I © 0 © 
® e ④ @ 0 e 
® e 0 I e @ © 
Non-ferromagnetic Metal 
( a ) ( b ) 
Fig. 1.3 The magnetization state of granular thin films with (a) no magnetic field 
applied and (b) a saturation magnetic field applied. 
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The Co-Ag granular thin fi lm is ideal for studying the GMR effect, because 
the elements are immiscible in all proportions, forming no interaietallic compounds 
[16]. Furthermore, cobalt is a strong ferromagnet, with a fully spin polarized 3d band 
which enhances the effects of spin-dependent scattering [17]. Among the many 
magnetic granular films Fe-Cu, Fe-Au，Fe-Ag and (Fe-Ni)-Ag, the Co-Ag system 
displays a particularly remarkable GMR effect. 
1.3 Application of GMR materials 
As mentioned before, the GMR materials have already been used in reading 
heads for information storage systems. Until now, magnetic recording system is still 
the dominant technology for electronic data storage. It has been estimated that the 
industry sales reaches hundreds billion dollar per year. It is the reason why the large 
manufacturing companies in the world, such as IBM, SONY etc., put lots of 
investments in the research of novel materials for low magnetic field sensor (GMR) 
in reading head application. The new record of data density in magnetic recording 
media is 20 gigabits per square inch. The ever increasing density of stored 
information in magnetic recording systems is the result of a continuous improvement 
in media and heads [3]. Until early nineties, conventional reading head is inductive 
head, which is a small electromagnet in the form of a ferromagnetic core with a very 
small pole gap by sensing the rate of change of magnetic flux. The head can be 
designed to perform both writing and reading functions in magnetic recording. When 
the recording densities have increased dramatically in all applications of magnetic 
recording, and the read signal has been correspondingly reduced, in combination 
with requirement for wider bandwidths, the inductive head becomes the limiting 
factor in performance of high storage density recording system. 
^ 
Chapter 1 Introduction 
As a result, there is a trend towards using separate heads for reading and 
writing even in hard disk applications. In particular, magnetoresistive reading head 
shows the significantly improved performance over inductive heads, especially the 
advantages of velocity-independent signal, lower noise and large signal amplitude. 
Another obvious advantage is that the MR head can easily be fabricated by 
deposition techniques. 
At the beginning of the nineties, magnetoresistive heads using the AMR 
material (e.g., NiFe) have been introduced into disk and tape data storage devices 
with considerate success [3]. 
Recently, when the high sensitivity performance of spin-valve GMR structure 
has been observed, GMR structures quickly replace AMR structures. Until now it 
was the dominant technology and is believed to be dominant beyond 2000. 
On the other hand, since GMR materials have a broad sensing range from a 
few Oe to tens Tesla of magnetic field, they can be used as magnetic sensor for a 
large number of applications. In addition, GMR magnetic random-access memory 
(MRAM) with a very high storage density, which makes use of a coupled GMR 
effect, can be easily fabricated, and has demonstrated its nondestructive readout 
characteristics [18]. 
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1.4 Preparation Methods 
Since the discovery of giant magnetoresistance (GMR) in magnetic granular 
thin fi lm structures, the results attract lots of interest due to the advantages described 
before. There are increasing reports on the study of MR effects in granular thin film 
structures with different preparation methods. For example, several methods have 
been used to form granular Co-Ag magnetic thin films. A partial list of some typical 
results for granular Co-Ag thin films prepared using various methods are 
summarized in table 1.1. It is clear that the GMR properties of the granular Co-Ag 
films depend on the preparation techniques. 
Among these studies, there are a few recent attempts to synthesize 
magnetoresistive granular thin films by ion implantation [19]. One advantage of the 
implantation method is its compatility with IC fabrication processes. However, one 
major difficulty of the implantation method for ion beam synthesis (IBS) application 
is the high dose required. This problem is not an issue with the use of a metal vapor 
vacuum arc (MEVVA) ion source, which was developed in the mid-1980s [20] and 
has broad beam and high current capabilities. In fact, it has been shown in a 
.promising technique for IBS of thin layers of metal silicides and SiC. 
In this work, we shall adopt two new methods to prepare the granular Co-Ag 
thin films. One method is the MEVVA implantation method. The other one is a 
pulsed filtered cathodic arc co-deposition method which also involves the use of 
vacuum arc ion sources. 
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Preparation Methods GMR/ Magnetic Field Condition Ref. 
Temperature Applied 
DC Magnetron 20%/300K 50k0e 473K l h annealed~ [21] 
Sputtering 55%/4.2K 
Ion-Beam 13.4%/300K""""11.2kOe 500K 0.5h annealed [22] 
Co-sputtering 
Pulsed Laser 27%/4.2K 47kOe As-deposited [23] 
Deposition 
Low-energy Cluster"~8%/300K 50k0e As-deposited [24] 
Beam Deposition 12%/4.2K 
Conventional Ion 1.5%/300K 9 ^ Dose 8xlOib, 620K [19] 
Implantation 9%/lOK 20min. annealed 
Table 1.1 Various preparation methods of CoAg granular thin film 
1.5 This thesis 
The goal of this project is to prepare Co-Ag granular thin films using two 
methods, namely the MEVVA implantation and the pulsed filtered cathodic arc co-
deposition method, and to study the properties of these samples using various 
characterization techniques including Rutherford backscattering spectroscopy (RBS), 
atomic force microscopy (AFM), magnetic force microscopy (MFM), magnetic 
measurements using a SQUID magnetometer and magnetoresistance measurements. 
In the next chapter, the details of the sample preparation conditions and the 
methods of characterization wil l be presented. In chapter 3 and 4，respective results 
for the implanted samples and the co-deposited samples will be presented and 
discussed. In the final chapter, the main research results wil l be summarized and 
suggestions for future work wil l be given. 
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2.1 MEVVA Ion Source Implanter 
In recent years, ion implantation has become an indispensable process in 
modem integrated circuit fabrication for the doping of semiconductors. During the 
process of ion implantation, atoms or molecules of metal or gas are ionized, 
accelerated by an electrostatic field, and implanted into a solid. The range and 
distribution of the implanted atoms depend on the ion energy, the masses of the ion 
and target atoms. 
In order to produce a granular thin film, a high dose implantation is required. 
However, for conventional implanters，the current capability is usually very low for 
metal ions. Typically, the metal ion beam current is at the \iA level. Taking a beam 
current of 1 ^ iA and a required dose of 10^ ^ ions/cm^, a simple calculation wil l show 
2 
that it takes about 4.5 hours to complete the implantation of a small sample of 1cm • 
Therefore, it is difficult in practice to form granular thin films by conventional 
implantation for industrial applications. A new kind of ion source, the metal vapor 
vacuum arc (MEVVA) was fist developed by Brown et al. in Lawrence Berkeley 
Laboratory in 1985 [20], is able to provide broad metal ion beam of high beam 
current, and is especially suitable for high dose implantation. With the MEVVA ion 
source, a much shorter implantation time is needed to fulfi l l the high dose 
requirement. 
The MEVVA ion source implanter used in this project is made by the 
Institute of Low Energy Nuclear Physics, Bejing Normal University. The system 
operates in the pulse mode. The base vacuum level is about 8xlO"^-2xlO'^ Pa. The 
average beam current can reach 8mA or more, which is much higher than that of 
conventional implanters. 
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The MEVVA implanter consists of three main components: the ion source, 
the acceleration unit and the target unit. The ion source is the most important part, 
where the species to be implanted is ionized. The schematic of the MEVVA ion 
source is shown in Fig.2.1. The cathode, which is made of the implanted material, is 
1cm in diameter. During implantation, a trigger voltage pulse of about 5-lOkV is 
applied to induce a trigger spark discharges between the cathode and the trigger. On 
the cathode surface, the cathode material is vaporized and ionized, and a dense 
plasma of the cathode material is formed. The ions created are multiply charged, and 
the charge state fractions are different for different elements. 
I Arc 1 I~ Extractor ~ j 
Cathode Anode ^ ^ ^ ^ ^ 





— L ^ / v x / ^ 
Suppressor 
+ 
Extractor ~ 一 
Fig. 2.1 Schematic ofion source ofMEVVA implanter. 
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This quasi-neutral plasma plumes away from the cathode and this allows the 
arc current to flow between cathode and anode. Typically, the arc current is a few 
hundred amperes. A central hole located in the anode allows a portion of the metal 
vapor arc plasma to plume through the hole and into the field-free region beyond. 
A system of multi-aperture extraction grids is used to extract the ion 
component from the plasma plume, thus forming an intense ion beam of the cathode 
material. An extraction voltage is applied at the first extraction grid, which is used to 
accelerate the positive ions, and is typically about 35kV to 65kV in this work. A 
negative voltage, which is in the kV range relative to the target, is applied in the 
intermediate extractor grid. This suppression voltage is used to absorb the secondary 
ions reflected from the target. The outermost grid is at the ground potential. 
Therefore, the pulsed, multiple charged, sufficiently pure and divergent ion beams 
are extracted from the MEVVA source and directly bombarded on the target. 
2.2 The Pulsed Filtered Cathodic Arc Co-deposition System 
The pulsed filtered cathodic arc co-deposition system is a new deposition 
system, which is custom made by the Institute of Low Energy Nuclear Physics, 
Bejing Normal University. The system is designed to use vacuum arc discharge to 
produce a high density metal plasma, and then the metal ions in the plasma are 
guided through a bent magnetic field to deposit thin films on the substrate in the 
vacuum chamber. Since the system is operated in the pulse mode, the thickness of 
the deposited thin films can be more easily and precisely controlled. 
The schematic of the filtered vacuum-arc plasma source is shown in Fig. 2.2. 
When a trigger voltage is applied between the trigger and the cathode electrodes, a 
spark is formed to initiate the arc. The trigger voltage is set fixed at 8kV with pulse 
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width of about 6[is and a repetitive frequency adjustable from 0 to 25 Hz. The pulse 
width of the arc voltage is fixed at 2.5ms and its magnitude is variable up to 250V. 
When the arc voltage is applied between the cathode and the anode electrodes to 
sustain the main arc, a plasma consisting of ionized metal vapor of the cathode 
material is produced at discrete, minute areas, known as cathode spots, across on the 
cathode surface. 
The focus solenoid is used to generate a focus magnetic field, which is 
employed to sweep the spots over the cathode surface in order to provide for a more 
uniform cathode erosion and to focus the plasma from the source. 
Cathode Trigger 
Focus \ Q ) ^ Anode Negative Bias 
MagneticX,^ / >/ 
C�U ® l I ® / Chamber 
吻 1® 厂 
X \ \ ® / TargetHolder 
> V ^ ^ i ^ ― i ^ 
FilterDuct 図 \ ^ ^ ^ ^ ^ / 
^""^^^ z / ® ^ ^ 
Filter Magnetic Coil ^ ( ^ 
I \ ^ ^ To Pump 
Fig. 2.2 Schematic of the filtered vacuum-arc plasma source. 
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The concentrated heat flux and the bombardment of ions under electric field 
at the cathode surface form microscopic liquid pools and then form droplets or so-
called macroparticles [25-27], which are ranged from 0.1 ^im to lO^im in dimensions. 
I f the macroparticles become entrained in the plasma stream and arrive at the 
substrate surface, they can cause serious degradation to the quality of the deposited 
films. For examples, they can lead to the inclusion of the macroparticles and 
formation ofpinhole defects in the films. A magnetic filter is used aiming at stopping 
the macroparticles in the cathodic arc plasma from arriving at the substrate. This 
magnetic filter can drastically reduce the macroparticle contamination of the films. 
The filter consists of a 90° bent filter duct and a guiding solenoid (filter magnetic 
coil) which generates the guiding magnetic field. The cathode, the anode and the 
filter duct are all water cooled. 
The system consists of a spherical deposition vacuum chamber 500 mm in 
diameter. The spherical vacuum chamber provides 13 access ports including three 
ports for arc plasma sources, three ports for pumping, a door and a window [28]. 
Since the system is equipped with three filtered arc plasma sources, it can provide 
three different species of metal plasma transported to the spherical vacuum chamber 
simultaneously for deposition. A schematic of the pulsed filtered vacuum arc 
deposition system is shown in Fig.2.3. In this work, two adjacent sources with cobalt 
and silver as the cathode materials were used simultaneously. The substrate could be 
placed in the line facing to the bisector of two sources. The deposition rate is faster 
when the position of the substrate is closer to the exit of the filtered duct. 
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Fig. 2.3 Schematic ofthe filtered vacuum-arc plasma deposition system (top-view). 
2.3 Sample Preparation 
2.3.1 Implanted Samples 
Silicon wafers with a thickness of about 460-490 fxm are used as the 
substrates. In order to eliminate the shunting effect from the substrate, silicon dioxide 
films of 1.5-2^m thick were grown on the surface by 2-3 hours wet thermal 
oxidation at 1050°C. Then the Ag films of the desired thickness were deposited on 
the wafer by thermal evaporation. 
To avoid excess ion beam heating effect during implantation, which may lead 
to undesirable in-situ rapid growth of the granules inside the implanted thin film, a 
relatively low extraction voltage and beam current were chosen for the Co 
2 
implantation. The mean ion beam current density used was about 6^A/cm at 
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extraction voltage ranging from 35 to 65 kV. The substrate temperature during 
implantation due to beam heating was estimated using a thermocouple attached to the 
sample holder to be about 85°C. The detail of the implantation conditions will be 
summarized with a table in Appendix 1. 
After implantation, thermal annealing was performed in a vacuum chamber at 
for 2 hours at various temperatures. The base pressure of the vacuum chamber was 
about 2xlO_5 torr. As mentioned before, there are multiple charge states in the plasma 
of the MEVVA ion source. For the Co ions in the MEVVA source, the particle flux 
fractions of the three charge states 1+，2+ and 3+ are 51.6%, 44.8% and 3.6% [29], 
respectively. These are summarized in Table 2.1 together with the corresponding 
charge fractions. Obviously, the ion depth profile by MEVVA implantation is 
different from that of a single energy implantation by conventional implanters. 
The depth profile of the cobalt ions in the substrate can be simulated by 
TRIM [30]. For example, the simulation result of the cobalt ion distribution by 
MEVVA implantation at an extraction voltage of 35kV to a dose of 1x10^^ ions cm'^  
is shown in Fig. 2.4. 
i ^ ~~Charge Fraction (%)~~ Particle Fraction (%) 
^ ^ ^ 
^ ^ 448 
^ 7 l 6 
Table 2.1 Fractions for different charge states for cobalt implantation by MEVVA. 
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Fig. 2.4 Ion distribution simulated by Trim for Co MEVVA implantation with 
extraction voltage 35kV. 
2.3.2 Co-deposited Samples 
In this work, granular thin films of CoxAgi_x of various compositions were 
prepared using a pulsed filtered cathodic arc co-deposition system. The composition 
of the films was varied by adjusting the arc discharge conditions of the sources and 
by monitoring the integrated charges arriving at the sample holder from the respetive 
arc sources. The bias, arc and trigger voltages were adjusted in order to maintain the 
stability of the cathodic arc source. The details of the arc dischargeand other 
technical parameters are summarized in Appendix II. The actual composition of the 
films was determined by Rutherford Backscattering Spectroscopy. 
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2.4 Characterization Methods 
2.4.1 Magnetoresistance Measurement � 
The magnetoresistance (MR) of the samples were measured using the four-
contacts technique in the present of an external applied magnetic field. Both, the 
magnetic field dependence and the temperature variation were investigated. Four Ag 
contact pads in a line, with dimensions as shown in Fig. 2.5 and about 3000 A thick, 
were evaporated on the sample surface by thermal evaporation. The measurement 
system is program controllable. The schematic of the magnetoresistance 
measurement system is shown in Fig 2.6. The temperature can be stabilized and 
adjusted by a CTI-cryostat combined with a LakeShore temperature controller. An 
Adventest TR6143 DC voltage/current source is used to provide a constant current 
through the sample between the contacts 1 and 4，as shown in Fig. 2.5. A typically 
current of 10 mA was used in this work. An HP 34401A digital multi-meter is used 
to measure the voltage drop between the contacts 2 and 3. Magnetoresistance effect 
can be detected by monitoring the change of the voltage drop at the presence of an 
applied magnetic filed. By adjusting the power supply to the magnetic generating 
coils, the magnitude of the applied magnetic field can be controlled by computer. 
The maximum magnetic field used in the measurement was about 7.6 kOe. In this 
work, the magnetoresistance effect was measured from 20K up to 300K in steps of 
lOK. At each set temperature, a wait time of at least 3 minutes was set to allow the 
temperature to stabilize before the measurement was performed. The sample was 
demagnetized before the magnetoresistance measurement was made. 
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Fig. 2.5 Schematic of four-contacts technique. 
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Fig. 2.6 Schematic of the magnetoresistance measurement system. 
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Depending on the direction of the applied magnetic filed, as shown in Fig. 2.7, 
there are three different kinds of MR can be measured. 
A. Perpendicular MR is measured when the applied magnetic field H is 
、 perpendicular to the film plane and the current I; 
B. Longitudinal MR is measured when the applied magnetic field H is parallel to 
the current I; 
C. Transverse MR is measured when the applied magnetic field H is parallel to 
the fi lm plane, and perpendicular to the current I. 
z A H zJk zJk 
~ ~ ^ H H i / 
> 1 y >1 y > 1 y 
y - ^ ^ y / ^ yw^M0y^ y^^MMy^ , 
i / / 厂 
X X X 
( a ) ( b ) ( c ) 
Fig. 2.7 Magnetoresistance measured in an applied field at different geometry; (a) 
perpendicular MR; (b) longitudinal MR; (c) transverse MR. 
2.4.2 Atomic Force Microscopy (AFM) and Magnetic Force Microscopy (MFM) 
Atomic force microscopy (AFM) was invented by G. Binning et al. in 1986 
[31], and was introduced to overcome the limitation of the STM, which requires a 
conductive sample. AFM can operate under ambient conditions and has very wide 
applications not only in fundamental surface research but also in industry. 
AFM is based on the measurement of the inter-atomic forces between the 
probing tip and the sample. The probing sharp tip is attached at the free end of a 
flexible cantilever, of which the spring-constant is very low, typically 0.1-10 N/m. 
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The cantilever is attached to a piezoelectric ceramic scanner system, so that it can 
scan over the sample surface as well as displace vertically above the sample in a 
precise and controlled manner. When the tip engaged and then contacted to the 
surface of sample, the atomic interactions between the atoms on the tip and the 
sample cause the cantilever to bend, or deflect. The vertical displacement of the free 
end of the cantilever is measured by the following method. A laser beam from a laser 
diode is shined on and reflected from the back of the cantilever free and into a 
position-sensitive photodiode (PSPD) detector. When the tip is scanned over the 
sample, the cantilever bends, the position of the laser beam on the detector shifts and 
thus a vertical displacement as small as lnm can be measured. Therefore, the 
topography of the sample can be obtained without displacing atoms. 
The most common mode of operation of AFM is the constant contact force 
mode. A constant magnitude of cantilever deflection and hence a constant force and 
separation between the tip and the sample is maintained by using a feedback loop on 
the scanner. Since soft or elastic surfaces can be deformed under the pressure of the 
AFM tip, contact mode AFM scanning can cause problem for topographic imaging 
of these surfaces. Therefore a modified AFM, tapping mode AFM is used. 
In tapping mode AFM, the cantilever is driven to vibrate at its resonance 
frequency by a small piezoelectric element. When the vibrating cantilever is brought 
closer to the sample, the bottom of its travel just barely contacts, or “ taps", the 
surface of sample. By detecting change of the amplitude, phase or frequency of the 
vibration caused by the force gradient, an image representing the surface topography 
can be obtained. The tapping mode AFM has lots of advantages, such as, negligible 
surface impacts, high resolution and sensitive of magnetic, electric and chemical 
forces. 
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Magnetic force microscopy (MFM) is a special type of tapping mode AFM, 
which can be used to observe the magnetic domain structure on the surface of a 
sample. The tapping cantilever used for MFM is equipped with a special tip. In this 
project a Nanoscope I I I scanning probe microscope with a hard Co-alloy-coated 
silicon tip is used. The tip is magnetized along the tip direction before the scanning is 
taken place. In MFM, measurements are taken in two passes across each scan line. 
The tip first scans over the surface of the sample to obtain the topographic 
information. And then the lift mode is used in the second scan, as shown in Fig2.8, 
during which the tip is raised to the lift scan height. The magnetic interaction 
between the tip and the local sample surface is measured at this constant scan height. 
In fig. 2.8，the total tip-sample distance htot is the sum of the average tip-sample 
distance in tapping mode hx, and the lift scan height huft. The influence of magnetic 
forces is measured using the principle of force gradient detection. In the absence of 
magnetic forces, the cantilever has a resonance frequency f。. The shifts in the 
resonance frequency tend to be very small, typically in the range of 1-50 Hz for 
cantilever having a resonance frequency of 10〜100kHz. Phase detection and 
frequency modulation produce results that are generally superior to amplitude 
detection. 
The most important parameter affecting imaging resolution is the lift scan 
height. Smaller lift scan heights give better MFM resolution. Conversely, magnetic 
features smaller than the lift scan height may not be resolved. And if the lift scan 
height is too low and the roughness of the surface is large, the signal of the surface 
topography wil l be picked up into the MFM image. 
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Fig. 2.8 Schematic ofthe operation ofMagnetic Force Microscope 
2.4.3 Rutherford Backscattering Spectroscopy (RBS) 
The Rutherford backscattering spectroscopy (RBS) is a well developed and 
non-destructive characterization method for measuring thickness and composition of 
thin films on a substrate. This method is quantitative and relatively fast. However, in 
some cases, its sensitivity is not adequate, especially when the masses ofthe different 
nuclei present in the sample are not far enough apart [32-33]. This technique 
measures the energy distribution of the ions, which are backscattered from the 
sample at a defined angle. In this work, RBS was performed with a 2 MeV He++ 
beam from a 2MV tandem accelerator. The He+. beam is incident normal to the 
sample surface and the backscattered ions were detected by a surface barrier detector 
placed at an angle of 170。with respect to the incident direction. The energy of the 
detected backscattered, we can determine the mass of the target atom and the depth at 
the collision taken place. Obviously, the energy of the backscattered ion after 
collision with the target atom depends on the mass of the target atom and the 
scattering angle. On the other hand, on the way to the depth at which the collision 
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taken place, as well as on the outward path to the detector after collision, the ion also 
loses energy to many electrons through coulomb interaction. Therefore, by the back-
、 
scattering technique, the mass and hence the atomic number, and the depth of the 
element can be detected. To determine the thickness and composition of the film, the 
RBS spectra are fitted and simulated using a computer program RUMP [34]. 
Generally, the positions of the peaks on the energy spectrum of the scattered particle 
give the atomic masses of the elements in the sample and the width of the peak 
correspond to the thickness of the film. The scattering cross-section is directly 
proportional to the square of the atomic number of the target atom and from the ratio 
of the yield from the specific target atoms, the composition can also be found. 
2.4.4 SQUID magnetometer 
In this work, a SQUID magnetometer is used to measure the temperature 
variation from 20K to 300K the magnetization M of the sample at a magnetic field 
strength of 10 kOe. The magnetometer used a SQUID device, which is a very highly 
sensitive device, especially for measuring a very small change in magnetic field. The 
magnetometer is used to measure the magnetic moment of the materials in a 
magnetic field. 
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Chapter 3 Characterization of Implanted Samples 
3.1 Introduction 
In this work, the granular CoAg thin films were prepared by cobalt MEVVA 
implantation. The structures and properties of these granular films depend on the 
preparation conditions. In this chapter, we shall present the results of our study on 
the dependence of the Ag film thickness, implant dose and extraction voltage as well 
as the effect of thermal annealing. The characterization of the samples was 
performed by various techniques, such as RBS, SQUID and magnetoresistance 
measurements. The surface morphology and magnetic domain structures of the 
samples were studied by AFM and MFM. To minimize the effect of ion beam 
heating during implantation, the mean ion beam current density was fixed at about 
6^iA/cm^. 
3.2 Results and Discussion 
3.2.1 Ag Film Thickness Dependence 
For a fixed implant energy, because of the sputtering effect and the limited 
penetration depth of the implanted ions, one would expect that a correct combination 
of the implant dose and the thickness of the deposited Ag film is essential to 
maximize the GMR effect. To demonstrate such an effect, Ag films of various 
thickness were prepared by thermal evaporation and then implanted at the same 
extraction voltage of 35 kV to the same dose of 8x10^^ cm" .^ The deposited Ag film 
thickness tAg was determined by the RBS. Thermal annealing of the as-implanted 
samples were performed at 450°C for 2 hours at a vacuum of 2x10'^ torr. 
The thickness and the composition of the implanted CoAg granular layer 
were then determined from the RBS spectra as shown in Fig. 3.1 where the initial Ag 
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film thickness tAg before Co implantation is indicated. In order to provide a better 
view, the counts of channel numbers smaller than 750 were magnified by a factor of 
5. The RBS spectra were fitted and simulated by the RUMP program as mentioned in 
chapter 2. A typical RUMP simulation and fitting results for the sample with tAg = 90 
nm were plotted in Fig. 4.2 and Fig. 4.3 respectively. The simulation results of other 
samples were shown in Appendix III. According to the simulation results, for the 
sample with tAg = 90 nm, there is an equivalent Co-Ag layer of 15 nm thick with a 
composition of 20 at. % Co immediately on top of the SiO2 layer in which some 
penetrating recoiled Ag atoms are present. Because of the sputtering of Ag during 
implantation, the total film thickness after implantation is smaller than that of the as-
deposited Ag film. For the other two samples with larger tAg values, there is 
effectively a shunting residual Ag layer remaining. Typically, for the sample with tAg 
=110 nm, the remained Ag layer is about 9 nm, and for the sample with tAg = 150nm 
12- ： ... . _ 
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Fig. 3.1 RBS spectra for samples implanted at 35 kV to a dose of 8x10^^ cm"^  and 
annealed in vacuum at 450。C for two hours. The thickness of the as-deposited 
Ag films before implantation are as indicated. Note the difference in scale at 
channel numbers smaller and larger than 750. 
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Fig. 3.2 RBS and RUMP fitting spectra for sample implanted at 35 kV to a dose of 
8x10^6 cm_2 with tAg = 90 nm and annealed in vacuum at 450°C for two 
hours. 
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Fig. 3.3 RUMP fitting result for sample implanted at 35 kV to a dose of 8x10^^ cm"^  
with tAg = 90 nm and annealed in vacuum at 450°C for two hour. 
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is about 25 nm. Therefore, the sample with the smallest tAg is expected to show the 
largest GMR effect and vice versa. 
Shown in Fig. 3.4 and Fig. 3.5 are the MR curves for the samples of Fig. 3.1 
measured in the perpendicular configuration at 300K and 20K, respectively. At room 
temperature, the MR effect of the sample with tAg = 90 nm is about 1% at a magnetic 
field strength of 7.6 kOe, larger than those of the other two samples as expected. At 
20K, amplitude of the MR effect for all three samples increases significantly to over 
7%, and there is no significant difference among them. The dependence of the 
magnitude of the GMR effect on the thickness of the as-deposited Ag films is shown 
in Fig. 3.6. While the room temperature results indeed show the shunting effect of 
the residual Ag layer as expected, but this shunting effect was not observed in the 
GMR results measured at 20K. One of reasonable explanation is the carrier mean 
free path at 20K is much longer than the thickness of the residual Ag layer. 
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Fig. 3.4 GMR effect versus magnetic field strength measured at 300K for various 
thickness Ag films as indicated. The MR curves were measured in the 
perpendicular configuration. 
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Fig. 3.5 GMR effect versus magnetic field strength measured at 20K for various 
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Fig. 3.6 Magnitude of the GMR effect versus the thickness of the as-deposited Ag 
films for the same samples as in Fig. 3.1. 
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The above results show that for this set of implantation conditions, for Ag 
films thicker than 90 nm, there is a shunting residual Ag layer remaining after 
implantation. The shunting effect leads to a reduction in the room temperature GMR 
effect. 
3.2.2 Dose Dependence 
Two samples with the same Ag film thickness tAg of 90 nm and implanted at 
the same extraction voltage of 35kV, but at different implant doses were prepared to 
16 2 
demonstrate the dose effect. The samples were implanted with a dose of 8x10 cm" 
and 5x10^6 cm"^  respectively. The corresponding RBS spectra of these two samples 
are shown in Fig. 3.7. Fitting of these spectra were performed using the RUMP 
program and the details are given in Appendix IV. The fitting of the RBS spectra 
revealed that for the higher dose sample, there is an equivalent Co-Ag layer of 15 nm 
thick with a composition of 20 at. % Co immediately on top of the SiO2 layer in 
which some penetrating recoiled Ag atoms are also present. For the lower implant 
dose sample, because of the insufficient dose, the equivalent Co-Ag layer consists of 
10 at. % Co only. Moreover, there is a shunting Ag layer of about 15nm thick 
remaining. The room temperature and 20K perpendicular GMR effect of the 
corresponding samples annealed at 450°C are shown in Fig. 3.8 and Fig. 3.9 
respectively. At the room temperature, larger GMR effect was observed in the 
higher implant dose sample. This is partly due to the existence of the shunting Ag 
layer in lower implant dose sample. Therefore in order to obtain a higher GMR effect 
a correct combination of the implant dose and the thickness of the deposited Ag film 
should be selected. At the 20K, larger GMR effect was also observed in the higher 
implant dose sample. And this is mainly due to the composition effect. 
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Fig. 3.7 RBS spectra for the samples implanted at 35kV to a different dose of 8x10^^ 
cm_2 and 5x10^^ cm"^  with tAg = 90 nm. Note the difference in scale at 
channel numbers smaller and larger than 750. 
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Fig. 3.8 Room temperature perpendicular GMR effect versus magnetic field strength for 
samples implanted at 35kV to a different dose of 8x10^^ cm"^  and 5x10 ^ cm" 
with tAg = 90 nm. Annealing was performed in vacuum for 2 hr at 450°C. 
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Fig. 3.9 Perpendicular GMR effect versus magnetic field strength at 20K for samples 
implanted at 35kV to a different dose of 8x10^^ cm"^  and 5x10^^ cm'^ with 
tAg = 90 nm. Annealing was performed in vacuum for 2 hr at 450°C. 
3.2.3 Extraction Voltage Dependence 
Another set of samples was prepared by implantation at various extraction 
voltages, ranging from 35 to 65 kV with a fixed thickness of the deposited Ag tAg = 
85nm and a fixed implant dose of about 8x10^^ cm'^. The MR curves for these 
samples measured at 300k and 20K are shown in Fig. 3.10 and Fig. 3.11， 
respectively. The corresponding RBS spectra of these samples are shown in Fig. 
3.12. The RBS spectra reveal that cobalt can penetrate deeper in the sample at an 
higher extraction voltage. Details of the RUMP fitting of these spectra are given in 
Appendix V. The corresponding Co concentration were different in the samples 
implanted at different extraction voltage. The RBS results showed that while the Co 
content in both the samples implanted at 35 kV and 65 kV are about 22 at. %, in the 
other two samples, it is about 40 at. %. 
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The variation of the magnitude of the GMR effect measured at H = 7.6 kOe 
with the extraction voltage is summarized in Fig. 3.13. The low temperature results 
were found to be related to the composition of the Co-Ag films. It has been reported 
ki the literature that for Co-Ag granular films, a composition of about 20 at. % Co is 
the optimum composition for the largest GMR effect [35]. This explains at least 
qualitatively the low temperature results. 
Although there is an optimum cobalt composition in the sample prepared at 
35 kV, it showed the smallest GMR effect at room temperature. This may also be 
attributed to the shunting effect since the penetration depth of the implanted ions is 
smaller at lower implant energy. However, this shunting effect was not observed in 
the GMR results measured at 20K. As mentioned before, it is due to the longer 
carrier mean free path at 20K. 
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Fig. 3.10 Perpendicular GMR effect versus magnetic field strength measured at 300K 
for the samples implanted with tAg = 85nm to a dose of about 8x10)6 cm'^  at 
various extraction voltages as indicated. Annealing was performed in 
vacuum for 2 hr at 450°C. 
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Fig. 3.11 Perpendicular GMR effect versus magnetic field strength measured at 20K 
for the samples implanted implanted with tAg = 85nm to a dose of about 
8xlQi6 cm-玄 at various extraction voltages as indicated. Annealing was 
performed in vacuum for 2 hr at 450°C. 
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Fig. 3.12 RBS spectra for the samples prepared at different extraction voltage with 
same implantation conditions as Fig. 3.11. Note the difference in scale at 
channel numbers smaller and larger than 750. 
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Fig. 3.13 Magnitude of the GMR effect versus the implant extraction voltage from 
the MR curves shown in Fig. 3.10 and Fig. 3.11. 
3.2.4 Annealing Temperature Dependence 
The effects of annealing on the GMR of the sample implanted at 35 kV to a 
dose of 8x10^6 cm'^ with tAg = 90 nm has been studied. The thermal annealing was 
performed in a vacuum chamber at a vacuum of 2x10'^ torr for 2 hours. The GMR 
results measured at 300K and 20K for the sample, as-implanted or after annealing at 
various temperatures, are shown in Fig. 3.14 and Fig. 3.15 respectively. The MR 
curves were measured in the perpendicular configuration except the one labeled with 
a (T), which was measured in the transverse configuration. The variation of the 
magnitude of the GMR effect measured at H = 7.6 kOe with annealing temperature is 
summarized in Fig. 3.16(a). It is seen that the magnitude of the GMR effect generally 
increases with annealing temperature up to 400°C. But there is no significant 
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Fig. 3.14 GMR effect versus magnetic field strength measured at 300K for the sample 
implanted at 35 kV with a dose of 8x10^^ cm'^and tAg = 90 nm，as-implanted 
or after annealing at the indicated temperatures. The MR curves were 
measured in the perpendicular configuration except the one labeled with a 
(T) which was measured in the transverse configuration. 
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Fig. 3.15 GMR effect versus magnetic field strength measured at 20K for the sample same as 
in Fig. 3.14, as-implanted or after annealing at the indicated temperatures. 
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Fig. 3.16 The variation of (a) the magnitude of the GMR effect measured at H = 7.6 
kOe with annealing temperature at 20K and room temperature, (b) the 
coercive field measured at 300 K with annealing temperature at room 
temperature, for the sample same as in Fig. 3.14. 
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difference amplitude of GMR effect observed between the annealing at 400°C and 
450°C. This means that 450°C is close to the optimal annealing temperature for our 
implanted samples. Due to the limitation of our annealing system, annealing at 
-higher temperature could not be performed. 
Hysteresis is clearly observed in the MR curves measured at 300K as shown 
in Fig. 3.14. The fields at the two maximum points in the hysteresis loop correspond 
to the coercive field Hc of the sample [40]. The variation of the coercive field with 
annealing temperature is shown in Fig. 3.16(b) and Hc is observed to increase with 
increasing annealing temperature. The perpendicular and transverse GMR effect are 
similar in magnitude but Hc in the transverse direction is smaller than that in the 
perpendicular direction. 
Difference in the GMR properties of granular films between the 
perpendicular and the transverse direction is not uncommon and has been attributed 
to the non-spherical shape of the single-domain particles in the film [10]. However, a 
comparison of the MR curves in Fig. 3.14 and Fig. 3.15 reveals that Hc of the same 
sample is smaller at 20K than at 300K. This is highly unexpected and contradicts the 
opposite trend observed in CoAg granular films prepared by deposition methods. 
Shown in Fig. 3.17(a) is the anomalous temperature variation of Hc for the 
implanted granular films after annealing at 400 °C determined from the perpendicular 
MR curves, in the temperature range from 20K to 300K. It is seen that Hc exhibits a 
maximum value at around 240K and decreases with decreasing temperature from 
240K to 20K. Shown in Fig. 3.17(b) is the temperature variation of the magnetization 
M of the sample measured at a magnetic field strength of 10 kOe using a SQUU) 
magnetometer. It is seen that M first drops rapidly in the temperature range from 100 
to 150K. After a slight further decrease, M reaches a minimum at about 240K and 
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Fig. 3.17 Temperature dependence of (a) the coercive field Hc determined from 
perpendicular MR curves, and (b) the magnetization M by SQUID 
measurements, for the sample with an original Ag film thickness of 90nm 
and implanted at 35 kV to a dose of 8xlo"^ cm'^ after annealing at 400°C. 
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then begins to increase slowly with increasing temperature. The minimum in the M-T 
curve is seen to correspond well with the maximum of the Hc-T curve. The exact 
origin responsible for the anomalous temperature variation of Hc and the M-T curve 
、is not clear at the moment. However, the M-T curve suggests that there are more than 
one magnetic phases, with different coercive fields and different magnetic transition 
temperatures, present in the sample. Otherwise M should drop towards zero 
monotonically with increasing T. Therefore, the anomalous changes of Hc with 
temperature is probably a manifestation of the combined effect of the different 
magnetic phases. Further is necessary to understand this effect clearly. 
Two typical magnetization curves measured at 100K and 200K up to a 
magnetic field strength of 30 kOe are shown in Fig. 3.18. The coercive field at 100K 
is clearly seen to be much smaller than that at 200K. The magnetization curve of the 
sample at 100K is seen to saturate more easily. 
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Fig. 3.18 Magnetization curves, measured at the temperatures 100K and 200K for the 
sample with an original Ag film thickness of 90nm and implanted at 35 kV 
to a dose of 8x10^^ cm"^  after annealing at 400°C for 2 hours. 
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Typical variation of the GMR effect and the normalized resistance with 
temperature for the sample with an original Ag film thickness of 90nm and implanted 
at 35 kV to a dose of 8x10^^ cm'Ve shown in Fig. 3.19(b). The resistance of the 
、films shows normal metallic behavior and the magnitude of the GMR increases as 
the temperature decreases as expected. 
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Fig. 3.19 Temperature dependence of (a) the GMR effect at H = 7.6 kOe and (b) the 
normalized resistance for the sample with an original Ag film thickness of 
90nm and implanted at 35 kV to a dose of 8x10^^ cm"^  after annealing at 
4(XfC. 
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Assuming a uniform film with the thickness determined by RBS, the 
resistivity values of the films can be estimated. For example, for sample implanted at 
35 kV with a dose of 8x10^^ cm'^and tAg = 90 nm after annealing at 400°C, the 
、resistivity values at zero magnetic field were estimated to be 2.6 ^iQcm at 300K and 
1.4 nQcm at 20K. These values are largely in agreement with the values reported in 
ref. [19]. 
3.2.5 Thicker Layer Formation 
A thicker CoAg granular layer can be achieved by repeating the deposition 
and implant (DI) process. The RBS spectra of a sample prepared by a double DI 
process are compared to those of one prepared by a single DI process in Fig. 3.20. 
The perpendicular GMR effect at room temperature and 20K of corresponding 
samples are Fig. 3.21 and Fig. 3.22, respectively. 
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Fig. 3.20 RBS spectra for the samples were prepared by using the single DI process 
with Ag film thickness of 85 nm and implant dose of 8xlO^ cm'^, and the 
double DI process with the same Ag film thickness and implant dose. Note 
the difference in scale at channel numbers smaller and larger than 750. 
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Fig.3.21 Room temperature perpendicular GMR effect versus magnetic field strength 
for the samples prepared by using the single DI process and the double DI 
process with other same implantation condition as in Fig. 3.20, after 
annealingat400。C. f _ 
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Fig. 3.22 Perpendicular GMR effect versus magnetic field strength at 20K for the 
samples prepared by using the single DI process and the double DI process 
with other same implantation condition as in Fig. 3.20, after annealing at 
400°C. 
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A larger GMR effect was observed for the sample prepared by the double DI 
process. This may be due to a reduced surface to volume ratio of the thicker sample. 
、The rough surface of the implanted samples as evidenced by the AFM images to be 
shown later may be detrimental to the GMR effect. 
3.2.6 AFM and MFM Measurements 
The surface morphology of the implanted Co-Ag granular films was observed 
by AFM. In Fig. 3.23，we show the contact mode AFM micrographs for the sample 
prepared with the Ag fi lm thickness of 90nm, and implanted Co by ions at an 
extraction voltage of 35 kV to a dose of 8xlO^^cm'^, as_ implanted and after 
annealing at various temperature. A rough surface consisting of relatively large 
craters and small protrusions is seen to have resulted after implantation. After 
annealing, the surface generally becomes smoother as a result of the coalescence of 
the small protrusions and other surface atom diffusion processes. And the root-mean-
square surface roughness of the corresponding samples has been summarized in Fig. 
3.25. 
Shown in Fig. 3.24 is the contact mode AFM images for samples prepared by 
implantation at various extraction voltages ranging from 35 to 65 kV. And the root-
mean-square surface roughness of these samples has been summarized in Fig. 3.26. 
The surface is seen to become rougher when higher extraction voltage is applied. 
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Fig. 3.23 Contact mode AFM micrographs for the sample prepared with the Ag 
film thickness of 90nm, and implanted Co at extraction voltage of 35kV 
to a dose of 8 x l O ^ W ^ (a) as implanted; (b) 300°C annealed; (c) 400°C 
annealed. 
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Fig. 3.24 Contact mode AFM micrographs for the samples as-implanted with the Ag 
film thickness of 85nm to a dose of 8xlO^W"^ at various extraction 
voltage (a) 35kV; (b) 45kV; (c) 55kV; (d) 65kV. 
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Fig. 3.25 Root-mean-square surface roughness versus annealing temperature for the 
samples implanted at extraction voltages 35kV. The thickness of the Ag 
film before implantation is 85nm and the implant dose is 8x10^^ cm'^. 
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Fig. 3.26 Root-mean-square surface roughness versus the implant extraction voltage 
for the samples as-implanted at various extraction voltages 35kV, 45kV, 
55kV and 65kV. The thickness of the Ag film before implantation is 85nm 
16 2 
and the implant dose is 8x10 cm". 
^ • 
Chapter 3 Characterization OfImplanted Samples 
In this work, a Nanoscope I I I scanning probe microscope with a hard Co-
alloy-coated silicon tip was used to observe the magnetic domain structure on the 
surface of sample. And the domain structures were monitored from the phase shift of 
、the resonance frequency of the tip. 
In Fig. 3.27(a), the AFM morphology with the height data presented by the 
gray level is shown for convenience of comparison with the corresponding MFM 
image for the sample prepared with the Ag film thickness of 90nm, a dose of 
8xlOi6cm_2 and 400°C annealed. The scan area is 5pim x 5^im. The tip was lifted to a 
scan height of 50nm, in order to reduce the influence of surface morphology in the 
magnetic domain signal. 
The bright and dark regions in the MFM image represent magnetic domains 
with antiparallel perpendicular magnetization. However, the domain structure 
revealed in the figure for our implanted CoAg granular films shows very different 
features in comparison with those of the pulsed filtered vacuum arc (PFVA) 
deposited CoAg films as will be shown in the next chapter. The PFVA deposited 
films show similar domain structure with those reported in the literature for sputter 
deposited CoAg granular films using MFM [36] or SEMPA [37] techniques, which 
exhibit structures consisting of elongated clusters or labyrinthine stripes with typical 
width of about 0.1 ^ m and length of about 2 ^im, and do not seem to have correlation 
with the surface morphology as revealed by AFM. 
In order to view the morphology and magnetic domain structures of the 
implanted CoAg films more clearly, an AFM and MFM image of the same sample 
with smaller scan size 2fxm x 2fxm is shown in Fig. 3.27(b). The domain structure of 
the implanted films exhibits a much more chaotic feature in terms of shapes and size 
distribution of the domains and is also seen to have good correlation with the AFM 
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Fig. 3.27 AFM(left)MFM(right) images for the sample prepared with the Ag film 
thickness of 90nm, a dose of 8xlO^W^ and 400°C annealed, in different 
scan size, (a) 5\im x 5ptm; (b) 2\im x 2^m. 
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image. The exact reason for this difference is not clear. As one possible explanation, 
it could be attributed to the surface roughness of the implanted films. In general, the 
magnetization vector favors lying along directions parallel to the surface to reduce 
、demagnetization effect. Therefore, a rough surface could well disturb the formation 
of larger and more ordered domain structures and some of the features of the surface 
roughness will be reflected in the domain structure. 
3.3 Summary 
We have prepared CoAg granular films by the MEVVA implantation method 
and studied the MR properties of these films and their relation to the processing 
conditions. Anomalous temperature dependence of the coercive field Hc in the 
perpendicular-to-film direction determined from GMR measurements was observed 
for some samples. For one sample, Hc shows a maximum value at around 240K and 
decreases with decreasing temperature from 240K to 20K. The temperature variation 
of the magnetization M of this sample exhibits a minimum. The maximum in the Hc-
T curve corresponds well with the minimum in the M-T curve. The M-T curve also 
suggests that there are more than one magnetic phases present in this sample. The 
domain structure of the implanted granular films as revealed by MFM images exhibit 
very different features as compared with those of sputter deposited CoAg granular 
films. The best value of magnetoresistance at a magnetic field strength of 7.6 kOe 
obtained so far is 7.3 % at 20K and 1.1% at room temperature for a 90nm thick Ag 
film implanted with Co at a dose of 8x10^^ cm'^  and annealed at 450。C for 2 hours in 
a vacuum of 2x10"^  torr. 
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4.1 Introduction 
Granular thin films of CoxAgi_x of various compositions were prepared on 
thermally grown SiO2 layer on Si substrates using a filtered pulsed cathodic arc co-
deposition system where two metal cathodic arc plasma sources were used. The 
composition of the deposited films is controlled by adjusting the arc discharge 
conditions and the pulse frequencies of the respective sources, and by monitoring 
separately the total charges arriving at the substrate and the sample holder from the 
respective sources. 
The actual composition and thickness of the deposited films were determined 
by Rutherford backscattering spectrometry (RBS). The surface morphology was 
studied by atomic force microscopy (AFM) and the magnetic domain structures were 
studied by magnetic force microscopy (MFM). The GMR properties were measured 
in the temperature range from 20 to 300K at various configurations, including 
longitudinal, perpendicular and transverse. 
4.2 Results and Discussion 
4.2.1 RBS Measurement 
Typical RBS spectra of two samples prepared using the pulsed filtered arc co-
deposition technique with compositions as indicated are shown in Fig. 4.1 from 
which the actual composition and thickness of these samples can be determined. The 
RBS spectra reveal that composition of Co-Ag films is nearly constant through out 
the layer. Average compositions of the films obtained were Coo.23Ago.77 and 
Coo.3iAgo.69’ respectively. And different compositions were obtained by varying the 
arc discharge conditions. The error in the composition is found to be 8.6 % of the 
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film Coo.23Ago.77 and 9.6 % of the film Coo.23Ago.77 and both within statistical 
fluctuation of the RBS yield. The thickness of the samples with compositions 
Coo.23Ago.77 and Coo.3iAgo.69 are determined to be 91nm and 90nm, respectively. 
1 1 
6 : ••…Co,23Ag,,, ”.-••• \ ； 
5 • COo.3iAgo.69 : p ^ A g -
4 - ： -
B . ： . c 3 • . 
、 ： • I -
Si Co ； • 
：：~-^  f \ J L _ 
I 1 
400 600 800 
Channel 
Fig. 4.1 RBS spectra of two samples prepared using the pulsed filtered arc co-
deposition technique with compositions as indicated. 
4.2.2 Magnetoresistance Measurement 
Shown in Fig. 4.2 are the variations of magnetoresistance as a function of 
magnetic field for the sample with a composition of Coo.23Ago.77 measured at 300K at 
various configurations. It is seen that the GMR effect has the smallest and largest 
magnitudes when measured at the longitudinal and perpendicular configurations, 
respectively. However, the difference is not significant. As mentioned earlier, the 
GMR effect in ideal granular system is expected to be isotropic. A possible origin for 
this slight difference has been discussed and attributed to the non-spherical shape of 
the single-domain particles in the film in the literature [10]. The non-spherical shape 
of the granular particles on the surface was in fact observed by AFM, and will be 
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shown and discussed later. The perpendicular GMR effect at a magnetic field of 7.6 
kOe attained a value of -3.4% for this sample, while that of the longitudinal GMR 
effect is about -2.9%. 
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Fig. 4.2 Magnetoresistance as a function of magnetic f ield for the sample wi th a 
composition ofCoo.23Ago.77 measured at 300K at various configurations. 
The perpendicular magnetoresistance curves of the same sample measured at 
various temperatures as indicated are shown in Fig. 4.3. While the MR curves 
measured at 300K and 200K do not show hysteresis behavior, hysteresis loops are 
clearly seen in the MR curves measured at 100K and 20K. The coercive force 
determined from these MR curves is shown in Fig. 4.4. Unlike the implanted 
samples, the coercive force determined from these MR curves is observed to 
decreases with increasing temperature as expected. Besides, the GMR value of co-
deposited sample is seen to saturate quicker in contrast to the implanted samples. The 
resistivity values the sample at zero magnetic field were estimated to be 20.87 \iQcm 
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Fig. 4.3 Perpendicular magnetoresistance curves for the same sample with a 
composition of Coo.23Ago.77 measured at various temperatures as indicated. 
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Fig. 4.4 Temperature dependence of the coercive field Hc determined from 
perpendicular MR curves for the sample with a composition of 
Coo.23Ago.77-
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at 300K and 18.72 ^Qcm at 20K. These values are larger than the implanted 
samples, which is due to the shunting effect of penetrating recoiled Ag atoms in the 
implanted samples. 
、 The temperature variation of the perpendicular GMR effect for the 
Coo.23Ago.77 sample is shown in Fig. 4.5. For both samples, the magnitude of GMR 
effect increases with decreasing temperature. The GMR values attained at a magnetic 
field strength of 7.6 kOe were -3.4% at 300K and -7.5% at 20K. These values are 
similar to those reported in the literature for films prepared using the sputter 
deposition technique. The cobalt composition dependence of the GMR values at 
room temperature is shown in Fig. 4.6. The GMR values increase with the cobalt 
content up to the optimum GMR composition and then sharply drop off. The 
maximum value was observed for 23% Co with respective MR change of 3.4%. The 
optimum composition obtained is similar to that reported in the literature, typically 
about from 20% to 30% Co [10] [35]. 
4.2.3 AFM Measurement 
The surface morphology of the co-deposited CoAg granular films was 
observed using a Digital Instruments Nanoscope I I I AFM, operating in the tapping 
mode. Three typical AFM micrographs for the Coo.31Ago.69, Co0.70Ag0.30 and 
Coo.80Ago.20 samples are shown in Fig. 4.7. The granular particles feature can be 
observed in the surface morphology of these samples. The root-mean-square surface 
roughness of the samples with different composition of Co has been summarized in 
Table 4.1. The surface morphology of the co-deposited samples is much smoother 
than the implanted samples. This is due to the low bias voltage applied, typically 
about -80V, under which the sputtering effect for the deposited films is much 
smaller that for the implanted films. 
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Fig. 4.5 Perpendicular GMR effect as a function of temperature measured at a 
magnetic field of 7.6 kOe for the Co0.23Ag0.77 sample. 
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Fig. 4.6 Perpendicular magnetoresistance at 300K for the samples with different Co 
composition. 
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Fig. 4.7 Tapping mode A F M micrographs for the samples wi th different composition 
of Co. (a) Coo.3iAgo.69； (b) Co0.70Ag0.30； (c) Coo.80Ago.20. 
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Sample Rrms ( nm) 
Co 0.23 Ag 0.77 0402 
、 Co 0.25 Ag 0.75 0?7^ 
Co 0.31 Ag 0.69 0.783 
Co 0.45 Ag 0.55 ^ 
Co 0.6 Ag 0.4 0.446 
Co 0.7 Ag 0.3 1-593 
Co 0.8 Ag 0.2 0.586 
Table 4.1 The surface roughness of the samples with different composition. Where 
Rrms is the root mean square value of roughness. 
Shown in Fig. 4.8 is the tapping mode AFM micrographs for the sample with 
a composition Coo.45Ago.55 in different scan sizes, namely, (A) l^im xl^im; (B) 
500nm x 500nm; (C) 200nm x 200nm. The granular particles structure can be 
observed more clearly in the smaller scan size. However, in the smallest scan size 
2^m X 2^im AFM image, the granular particles are seen to be non-spherical shape. 
This can explain the slight difference of GMR effects have been observed at the 
different magnetic configurations before. And from the topography of the sample, the 
width of the granular particles is about 30nm ~ 40nm. However, the values are 
comparable to the AFM tip radius. The tip radius is about 25-50 nm. Therefore the 
AFM micrograph could not reveal the real surface features, but the convolution 
between the shapes of the true particle and tip [36]. The schematics of tapping mode 
AFM and tip artifacts of surface morphology are shown in Fig. 4.9. 
— ‘ 72 ‘ 
Chapter 4 Characterization ofCo-deposited Samples 
^ ^ n 9 B | M | ^ 










Fig. 4.8 Tapping mode AFM micrographs for Coo.45Ago.55 in different scan size, 
(a) l^im X lfim; 0>) 500nm x 500nm; (c) 200nm x 200nm. 
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Fig. 4.9 Schematics of (a): tapping mode AFM and (b): tip artifacts of surface 
morphology. 
When the tip size is comparable or larger than granule size, R ^ , the AFM 
image could not represent the real surface feature. As shown in Fig.4.9, the size of 
granule observed in AFM micrographs is much larger than the real size. It is because 
the contact point between the tip and the surface could not keep in the apex or area 
near apex of the tip. However, i t is seen that the convolution affects only the lateral 
width of granule in AFM image, but not the vertical height (H). Therefore, the true 
particle diameter can be measured from the vertical height. As shown in Fig. 4.10, 
the maximum apparent granule height is about 14.9 nm. The value is similar to those 
reported in the literature for films prepared using the sputter deposition technique 
[36]. 
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Fig. 4.10 The section analysis of granule height. 
Since the tip artifacts are not avoidable, the granule size of the film can also 
be determined by other characterization techniques, such as high resolution SEM and 
the plane-view TEM. 
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4.2.4 MFM Measurement 
The magnetic domain structures of co-deposited samples were studied by a 
、Nanoscopy I I I scanning probe microscope (Digital Instruments Inc.) with a Co-alloy-
coated silicon tip using tapping and lift modes. As mentioned before, the MFM has 
the capability of detecting the perpendicular magnetization, but inability of detecting 
magnetic domain closures at the surface of the sample. During the magnetic domain 
measurement, the tip is lifted to a height of 50nm to prevent the influence of the 
surface morphology. 
The MFM images for samples of different Co concentration were shown in 
Fig. 4.11 to Fig. 4.15 together with their simultaneous with AFM images. In order to 
view the structure more clearly, two different scan size 5^im x 5^im and 2|im x 2^mi 
were shown. The MFM images show the existence of a magnetic microstructure 
perpendicular to the fi lm plane. And these magnetic domains are much larger than 
the particle size in contrast to the AFM images. Unlike the implanted samples, the 
MFM images of the co-deposited samples do not seem to have correlation with the 
surface morphology as revealed by AFM. The bright and dark regions in the MFM 
images represent magnetic domains with antiparallel perpendicular magnetization. 
For the CoxAgi_x samples (0.31 < x < 0.7)，the stripe magnetic domain can be 
observed. And the domains are aligned antiparallel with the nearest-neighbor 
domains to lead to an overall demagnetized state [38-39]. Moreover, the higher 
cobalt content sample shows a magnetic domain microstructure of a longer stripe 
length. 
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Fig. 4.11 AFM(left)MFM(right) images for the sample Co 0.31 Ag o.69, in different 
scan size, (a) 5jxm x 5^im; (b) 2\im x 2^im. 
• 77 
Chapter 4 Characterization ofCo-deposited Samples 
B 
0 5.00 MM 0 5.00 y M 
Data type Height Data type Phase 
2 range 20.00 nM Z range 5.000 de 
(a) 
隱 
0 2.00 |iM 0 2.00 MM 
Data type Height Data type Phase 
2 range 20.00 nM Z range 5.000 de 
(b) 
Fig. 4.12 AFM( le f t )MFM( r i gh t ) images for the sample Co 0.45 A g 0.55，in different 
scan size, (a) 5^im x 5^im; (b) 2\im x 2[im. 
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Fig. 4.15 AFM(left)MFM(right) images for the sample Co o.s Ag 0.2，in different 
scan size, (a) 5^im x 5^tm; (b) 2^im x 2^m. 
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Fig. 4.16 AFM(left)MFM(right) images for the sample 100% Co, in different scan 
size, (a) 5[im x 5^m; (b) 2^im x 2^im. 
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The stripe magnetic domains result from a perpendicular magnetic anisotropy 
[36][39]. It is well known that when the anisotropy energy of a thin film material is 
higher than demagnetization energy, the magnetization can be along the easy axis, 
、such as surface normal. The widths of the labyrinthine stripe pattem for the samples 
were summarized in Table 4.2. The typical width is about 0.08-0.09 M<m. In addition, 
the MFM images may not be successfully obtained for samples with Co content 
lower than 25 at %. This may probably be due to the Co fraction in these samples is 
not high enough so that the interaction between the magnetized scanning probe tip 
and the magnetic granules in the granular films is not strong enough. 
However, as shown in Fig. 4.15, when the cobalt content is up to 80 at %, the 
stripe magnetic domain could not be observed, and the domain structure pattem 
changes dramatically to a much more irregular shape. And also the magnetic signal 
detected was weaker. Please note that the smaller z range = 1 degree was used in 
MFM image of Fig. 4.15, in contrast to 5 degree used in other MFM images. And its 
domain structure is similar to the structure of pure cobalt as shown in Fig. 4.16. 
Sample Width ( ^im) 
~~Co 0.31 Ag 0.69 0.0859 
~~Co 0.45 Ag 0.55 0.0859 
~ ~ C o 0.6 Ag 0.4 0.0781 
~ " C o 0.7 Ag 0.3 0.0898 
Table 4.2 The width of the labyrinthine stripe pattem for samples with different 
composition. 
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4.3 Summary 
We have prepared granular CoAg thin films using the pulsed filtered arc co-
deposition technique. The GMR effect in these films has been studied in the 
temperature range from 20K to 300K and the domain structures in these films have 
been studied using MFM observations. The best value of magnetoresistance obtained 
so far is 7.4 % at 20K and 3.4 % at room temperature for Coo.23Ago.77. The domain 
structures in these films were studied using MFM observations. The domain 
structures of the co-deposited CoxAgi_x samples were seen to depend on the cobalt 
concentration x. For the samples with x < 0.25, the MFM images had not been 
successfully obtained. For the samples with 0.31 < x < 0.7，long stripe magnetic 
domain patterns with typical width slightly smaller than 0.1 ^im were observed. The 
domains are aligned antiparallel with the nearest-neighbor domains. The length of 
the magnetic stripe domain was seen to be longer for the higher cobalt content 
samples. For samples with a cobalt content x up to 0.8 and larger, the long stripe 
magnetic domain structure was not observed and the domain structure pattem 
charged dramatically to a much more irregular shape. Both the GMR effect and the 
domain structures of these films show similar features as those reported in the 
literature for films prepared using the sputter deposition technique. 
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5.1 Main Results of This Work 
、 In this work, we have used two new methods to prepare the granular Co-Ag 
thin films. One method is the MEVVA implantation method. The other one is a 
pulsed filtered cathodic arc co-deposition method. The MR properties of these films 
and their relation to the processing conditions have been studied and discussed in 
conjunction with results of Rutherford backscattering spectrometry, atomic force 
microscopy, magnetic force microscopy (MFM), and SQUID measurements. 
For the MEVVA implanted samples, an anomalous temperature dependence 
of the coercive field Hc in the perpendicular-to-film direction determined from GMR 
measurements has been observed. For one of these samples, Hc shows a maximum 
value at around 240K and decreases with decreasing temperature from 240K to 20K. 
The temperature variation of the magnetization M of this sample exhibits a 
minimum. The maximum in the Hc-T curve corresponds well with the minimum in 
the M-T curve. The M-T curve also suggests that there are more than one magnetic 
phase present in this sample. From the contact mode AFM micrographs, the surface 
of implanted samples consists of relatively large craters and small protrusions, it was 
observed that after annealing, the surface generally becomes smoother as a result of 
the coalescence of the small protrusions and other surface atom diffusion processes. 
It was also observed that the surface roughness was larger when a higher 
implantation extraction voltage was applied. The domain structure of the implanted 
granular films as revealed by MFM images exhibit very different features as 
compared with those of sputter deposited CoAg granular films. The domain structure 
of the implanted films exhibits a much more chaotic feature in terms of shapes and 
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size distribution of the domains and is also seen to have good correlation with the 
AFM image. The GMR effect for the implanted samples has been studied in the 
temperature range from 20K to 300K. The best value obtained so far is 7.3 % at 20K 
、and 1.1% in a magnetic filed of 7.6kOe at room temperature for a 90nm thick Ag 
fi lm implanted with Co ions to a dose of 8x10^^ cm'^ and after annealing at 450°C for 
2 hours in a vacuum of 2x10"^ torr. 
Granular thin films of CoxAgi.x of various compositions were prepared by co-
deposition using a pulsed filtered cathodic arc co-deposition system. The GMR effect 
in these films has been studied in the temperature range from 20K to 300K. The best 
value of magnetoresistance obtained at a magnetic field of 7.6 kOe so far is 7.4 % at 
20K and 3.4 % at room temperature for a f i lm wi th a composition of Coo.23Ago.77-
The cobalt composition dependence of the GMR values in room temperature has 
been studied, the optimum GMR composition was observed to be at around 23 at % 
Co. For the co-deposited samples, the surface morphology was observed by tapping 
mode AFM. And the granular particles were seen to be non-spherical shape. Since 
the AFM tip size was comparable or larger than granule size, the AFM image could 
not represent the real surface feature. The size of granule observed in AFM 
micrographs is much larger than the real size. However, it was seen that the 
convolution affects only the lateral width of granule in AFM image, but not the 
vertical height (H). The true particle diameter can be measured from the vertical 
height, the maximum apparent granule height is about 14.9 nm. The domain 
structures in these films were studied using MFM observations. The domain 
structures of the co-deposited CoxAgi_x samples were seen to depend on the cobalt 
concentration x. For samples with x < 0.25, the MFM images had not been 
successfully obtained. For the samples with 0.31 < x < 0.7, long stripe magnetic 
“ 86 
Chapter 5 Conclusion 
domain patterns with typical width slightly smaller than 0.1 \im were observed. The 
domains are aligned antiparallel with the nearest-neighbor domains. The length of 
the magnetic stripe domain was seen to be longer for the higher cobalt content 
、samples. For samples with a cobalt content x up to 0.8 and larger, the long stripe 
magnetic domain structure was not observed and the domain structure pattem 
charged dramatically to a much more irregular shape. 
5.2 Suggestions on Future work 
First of all, the origin of the anomalous temperature variation of Hc and the 
M-T curve of some of the implanted samples have not been understood. The M-T 
curve suggests that there are more than one magnetic phases, with different coercive 
fields and different magnetic transition temperatures, present in the sample. It is 
therefore of great interest to find out what the magnetic phases are inside the film. To 
achieve this goal, it may be necessary to rely on some surface analytical techniques 
such as X-ray photoelectron spectroscopy which can give information not only on 
the composition of the films, but also on the chemical states of the atoms. For 
example, is there any cobalt oxide present in the film due to oxidation during the 
process or is there cobalt silicide formation? In addition, more detailed investigation 
by microstructure characterization techniques such as transmission electron 
microscopy (TEM) is also useful. The TEM technique can give information on the 
granular size in the film and therefore allows an analysis between the microstructure 
and the MR properties. This information is very important for the process 
optimization to obtain film with the highest MR effect. Third, the observed magnetic 
domain structures aligned antiparallel with the nearest-neighbor domains, indicate 
the presence of a perpendicular magnetic anisotropy. However, the origin of the 
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perpendicular magnetic anisotropy is not clear. The mechanism leading to the 
dramatic change in the domain structure patterns with the cobalt content is another 
unsolved problem of interest. A further study is needed to clarify these issues. 
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Preparation Conditions Of MEVVA Implanted Samples 
Sample~~ Substrate Deposited Dose Extraction Beam 
Ag (A) (cm'^) Voltage (kV) Current (mA) 
~k S l 0 ^ m 8xlO'' 35 0.4-0.5 
~B s I o ^ m 5xlO'' ^ 0.4-0.5 
~C S l 0 ^ 7 ^ 5xlO'' ^ 0.4-0.5 
~D S l 0 ^ E 6 8x10'^ ^ 0.4-0.5 
~E Sample D 8 ^ 8xlO'^ ^ 0.4-0.5 
~F S l 0 ^ Im 8xlOib 35 0.4-0.5 
~G S l 0 ^ 1 ^ 8xlOib ^ 0.4-0.5 
~H S l 0 ^ ^ 8xlO'' 45 0.4-0.5 
1 s I o ^ 8 ^ 8xlO'' ^ 0.4-0.5 
1 s I o ^ 8 ^ 8x10'^  ^ 0.4-0.5 
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Preparation Conditions of Co-Ag Co-deposited Samples 
Atomic~Bias~~~Focus Arc~~~ Trigger Deflect Charge Frequency 
Fraction (V) (|iA) (V) (V) (^iA) (mQ X5) (Hz) 
Ag 0.975 ^ 140 S o r E 150 一 4800 ' 1 
" ^ " 0 0 ^ T5 HO i60 f ^ 1 ^ ^ 2 
Ag 0.9 75 HO i ^ r ^ l50 4 ^ 5 
Co 0.1 ^ 1 ^ 1 ^ m 1 ^ 1 ^ 3 
Ag 0.77 ^ 1^5 1 ^ l50 m 4 ^ 5 
Co 0.23 75 m 1 ^ 1 ^ 1 ^ r ^ ^ 
Ag 0.75 ^ i ^ m 1^ m 4 ^ 5 
Co 0.25 ^ U5 1 ^ 1 ^ 1 ^ 1 ^ 4 
Ag 0.69~~ ~ " ^ i40 1 ^ 130 ~ " 1 ^ i m 5 
Co 0.31 ^ 1 ^ rm 1 ^ l55 ^ ~4 
Ag 0.3 ^ m m S o i50 ^ 5 
Co 0.7 ^ 1 ^ 1 ^ 1 ^ m ^ 5 
Ag 0.2 M ~ ~ l 4 0 S o 1 ^ 1 ^ 4 ^ ~i ~" 
Co 0.8 Js 1 ^ m m m 3 ^ 4 
Ag 0.14 ^ m 1^ r^ m ^ 4 
Co 0.86 ^ 1 ^ m 1 ^ 1 ^ 4 7 ^ 5 
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RUMP fitting results for samples implanted at 35 kV to a dose of 8x10 cm' with 
different deposited Ag film thickness as indicated and annealed in vacuum at 450°C 
for two hour. 
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RUMP fitting results for samples implanted at 35 kV to a dose of 8x10 cm' with 
deposited Ag film tag = 90 nm and annealed in vacuum at 450°C for two hour to a 
dose of 5el6cm'2 ^^^ 8el6cm'^. 
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RUMP Fitting Results OfThe Extraction Voltage Dependence Samples 
- Depth 
Ag < Surface 
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RUMP fitting results for samples implanted at dose of 8x10^^ cm"^  with deposited Ag 
film tag = 85 nm and annealed in vacuum at 450°C for two hour and at various 
extraction voltage as indicated. 
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